Composition libraries of Au-Cu-Si films comprising 800 composition patches were fabricated through co-sputtering deposition from elemental targets. The gold composition varies between 47% (compositions are in atomic percentage) and 81%, copper between 8% and 40%, and silicon between 6% and 36% within the library. We designed and used a high-throughput optical characterization method to detect melting and solidification based on changes in the film's contrast; further microscopy characterization reveals the microstructure. This approach reveals the composition dependence of the nucleation temperature and primary phase, which allows us to draw conclusions about glass forming ability and to identify bulk metallic glass forming compositions. Our solidification results suggest that the best glass forming composition coincides with the composition at which a transition from one primary phase to another occurs. We show that in general this transition is not at the eutectic composition but at the lowest nucleation temperature. V C 2012 American Institute of Physics. [http://dx
I. INTRODUCTION
Knowledge of phase diagrams and microstructures are essential for the development of materials, particularly for the development of alloys, in-situ composites, and metallic glass formers. 1 Whereas binary phase diagrams are known for the vast majority of combinations, for higher component systems, only a minute fraction of the multidimensional compositional space has been determined. Bulk metallic glasses (BMGs) are typically based on three or more elements. 1 The systematic identification of such multicomponent alloys out of the vast composition space is still a daunting task. To appreciate the scope of the problem, consider the following: The glass forming ability of an alloy can change significantly within just one atomic percent. 1, 2 Consequently a large number of alloys are required to systematically scan composition space for BMG forming compositions. Approximately 5000 compositions need to be examined for ternary systems, 150 000 for quaternary, 3 500 000 for quinary, and 70 000 000 for a senary system. Of course, not the entire composition space needs to be considered as potentially glass forming-practical considerations often make it possible to reduce to about 15% of composition space in a binary system and (0.15) nÀ1* 100% in multicomponent systems with n as the number of components. But that still leaves approximately 100 compositions for a ternary, 600 for a quaternary, 2000 for a quinary, and 6000 for a senary system.
The challenge reflects in the discovery process of BMGs based on gold. Au 75 Si 25 was identified as the first metallic glass former over 50 years ago. 3 It took another 40 years, however, to discover a bulk metallic glass former in this system, Au 49 Ag 5.5 Pd 2.3 Cu 26.9 Si 16.3 . 4 In order to manage the complexity and vast composition space to make the alloy development process more efficient, novel strategies are required. Systematic characterization and development of such multicomponent alloys require alternative strategies.
One such approach is combinatorial techniques, which have revolutionized drug development in the pharmaceutical industry, but which are still scarcely used in materials science. [5] [6] [7] Some attempts have been made to use combinatorial techniques in BMG. [8] [9] [10] [11] [12] They are limited to the use of compositional libraries, however do not employ the highthroughput characterization methods that are required for the efficient characterization and development of BMGs.
Here, we propose such an effective method where we use combinatorial sputtering to fabricate a Au-Cu-Si compositional library and determine nucleation temperatures of approximately 800 compositional patches using a highthroughput method based on the change of contrast during a phase change. Subsequent microscopic analysis reveals the primary phase as a function of composition. The combination of these two methods reveals a correlation between nucleation temperature, primary phase, and the glass forming ability.
II. EXPERIMENTAL
The Au-Cu-Si composition library was fabricated using co-sputter deposition from 50 mm diameter elemental targets in a chamber with mid-10 À5 Pa base pressure (AJA Int. ATC 1800). The deposition sources were positioned in a nonconfocal geometry to attain a deposition gradient across the substrate from each source. The Au, Cu, and Si sources were held at 21, 15, and 94 W, respectively, for the 195 min deposition, creating the desired composition library and thickness. The 2 mm Â 2 mm discrete composition patches (each with less than 1% composition variation) were attained through the use of a micro-machined Si deposition mask. The mask was designed to mitigate deposition-shadowing effects through the creation of angled walls via anisotropic silicon etching.
A library of Au-Cu-Si films, which was co-deposited to a thickness of approximately 2 lm onto a 100-mm Si wafer, is shown in Fig. 1 electron microscope in conjunction with an energy dispersive x-ray detector for approximately 250 compositions that are distributed throughout the library. Sample compositions of the in-between patches were estimated through a linear extrapolation. The absolute error is estimated to be 6 1%. Because of current experimental limitations, only a quarter of the library was characterized at a time. To identify the melting and solidification behavior of the samples, the library was heated in an argon atmosphere ($10 5 Pa) to a temperature of 500 C, the maximum temperature that can be attained in the current experimental setup. During controlled heating and cooling, melting and solidification reactions within the film patches were identified through a change in the film's contrast. For a typical heating rate that we use of FIG. 1. Au-Cu-Si discontinuous compositional library consisting of 800 patches, 2 mm Â 2 mm Â 2 lm in size, which is sputtered on a 4-in. silicon wafer. Gold composition varies between 47% and 81%, copper between 8% and 40%, and silicon between 6% and 36%. 20 K/min, an image was taken every six seconds, which correspond to two degrees. Figure 2 summarizes the compositional range of the AuCu-Si library. Composition varies from 47% to 81% for gold, 8% to 40% for copper, and 6% to 36% for silicon within the library. The variation in composition within one patch is approximately 0.7% gold, 0.5% copper, and 0.4% silicon, hence can be considered as a representative of one alloy. The compositional range was chosen such that it includes ternary eutectic compositions. This was motivated by the fact that bulk metallic glass forming compositions are present in the vicinity of deep eutectics. 21 . In general, solidification is governed by crystal nucleation and growth, which each proceed with a characteristic time scales. The occurrence of solidification in a narrow temperature window that corresponds to a short time indicates rapid crystal growth. Therefore, the time consumed for growth can be neglected on the time scale of crystallization and is therefore set by the nucleation timescale predominantly. Thus, the onset of solidification coincides with the nucleation temperature.
III. RESULTS AND DISCUSSION
A heating and cooling characterization cycle is shown for the Cu-rich part of the library in Fig. 4 . This quarter of the wafer was heated to 500 C at a rate of 20 K/min, before cooling at a rate of 30 K/min. The highest solidification temperature of this part of the library, approximately 420 C, was measured for compositions in the vicinity of Au 47 Cu 29 Si 24 . Alloys rich in copper solidified at approximately 360 C. The lowest solidification temperature on this quarter of the wafer is 230 C and occurs for Au 64 Cu 19 Si 17 . These massively parallel cooling experiments enable us to efficiently determine the nucleation temperatures as a function of composition, which are summarized in Fig. 5 . The highest solidification temperature of the considered composition library is present in the Si-rich composition region of the library at 420 C. The lowest solidification temperature of approximately 205 C is present in the Au-rich part of the waver at Au 67 Cu 13 Si 20 . The signal becomes increasingly weaker for compositions richer in gold. This reduction in signal is due to the limitation of our current setup to a temperature of 500 C. As a consequence of the temperature limitation, with a liquidus temperature exceeding 500 C, only a fraction melts as shown in a schematic binary eutectic phase diagram (Fig. 5(b) ). For samples with compositions c < c 1 or c > c 2 , the fraction of the sample that melts has a composition of c 1 or c 2 , respectively. However, in these composition ranges, the remaining solid fraction acts as heterogeneous nucleation sites upon cooling. Therefore, only minute undercoolings can be achieved and the nucleation temperature does not change for compositions below c 1 or above c 2 . According to the lever rule, %c L ¼ (c À c S )/(c L À c S ), the melted volume fraction decreases and thereby the contrast change becomes weaker with increasing compositional distance for c < c 1 or c > c 2 . In addition, the solid residues may confine the growth of the primary phase upon cooling, thus reducing the roughening and making detection of solidification increasingly more difficult.
Such a situation where alloys are only partially molten is present on the Cu-, Au-, and Si-rich parts of the wafer. Primary solidification of silicon is easier to detect due to the shape of the silicon phase, which is less elongated than the dendritic Au fcc phase. Towards the Si edge of the library where the liquidus temperature is higher, a smaller fraction of silicon phase is observed because a smaller volume fraction of the alloy was melted. Subsequent microstructural investigations revealed the solidification product, and in particular the corresponding primary phase. On the Si-rich part of the library, the alloys form the diamond cubic silicon phase with a silicon composition in excess of 98% (Fig. 6(a) ). For the Au-rich alloys, fcc Au is the primary phase (Fig. 6(b) ). A summary of the microstructural findings is shown in Figure 7 . Primary phases formed during solidification can be divided into Au-, Cu-, and Si-rich phases.
The combination of the optical high-throughput characterization method and the microstructural analysis of the composition library has revealed that the composition for which we have measured the lowest nucleation temperature, T N min , coincides with the composition at which the primary phase switches from the fcc Au phase to the diamond cubic silicon phase. We will show in the following that this is a general feature in metallic glass forming systems. Metallic glass forming alloys are present in the vicinity of deep eutectics, where dT L /dx B < 0 for c < c eu and dT L /dx B > 0 for c > c eu , i.e., the minimum liquidus temperature coincides with the eutectic composition. Based on experimental observations, [18] [19] [20] we assume that the composition-dependent nucleation temperature (nucleation line) generally runs parallel to the liquidus temperature, as long as the primary phase solidifying does not change, i.e., T N À T L % const for both c > c eu and c < c eu . As a consequence, the composition with the lowest nucleation temperature, c TN min , coincides with the composition of intersection of the two nucleation lines, the transition from one primary phase to another primary phase, c transition . We showed previously that Au 55 Cu 25 Si 20 is a bulk glass forming composition in the Au-Cu-Si system. 3 This composition agrees reasonably well with the composition of T N min of Au 67 Cu 13 Si 20 . Based on Turnbull's groundbreaking work, 13 it has been argued that the best glass forming ability in a system is present, where T g /T L assumes the highest value. 1, 21, 22 Since the composition dependence of T g is small compare to the composition dependence of T L , in particular in good glass forming systems, 1 the eutectic composition has often been associated with the best glass forming composition. 3 In the above argument for c TN min ¼ c transition , this would be the case when, in addition to the general feature of parallel nucleation lines to the liquidus lines, the undercooling for different phases is identical. Generally, this is not the case [18] [19] [20] 23, 24 and, as a consequence, a discrepancy between c eu and c TN min is present (Fig. 5(b) ), which is also the case in this work. This discrepancy may originate from a difference in the interfacial energies of the primary phases, [24] [25] [26] [27] asymmetric eutectic coupled zones, 17 or a difference in the structural complexity of the primary phases. [28] [29] [30] For example, in the case illustrated in Fig Si 20 , which itself coincides with c transition . It is not the scope of this paper to reveal the origin of the difference of c eu and c TN min , in particular because this origin can be expected to be specific to the system. Our finding that c TN min and c transition , and not necessary c eu coincide with the best glass forming composition, however, can be expected to be ubiquitous among metallic glass formers. This suggests that T g /T N should exhibit a closer correlation with glass forming ability than T g /T L since it also reflects the contributions like the interfacial energy and structure of the primary phases. T g /T N , however, is also affected by heterogeneous influences on glass forming ability, which is specific to the system and the determination method of T N . Therefore, in a relative comparison under identical experimental conditions like in the present case, T g /T N is more precise than T g /T L , but due to its consideration of heterogeneities should not be used as a general indicator for glass forming ability.
IV. SUMMARY
We have used a combinatorial approach to investigate the solidification in Au-Cu-Si. Our results reveal solidification temperatures that coincide with the nucleation temperatures, microstructures, and to a more limited extend melting temperatures as a function of compositions. We found that the best glass forming composition agrees reasonably well with the composition of the lowest nucleation temperature which itself coincides with the composition where the primary phase change from one to another. The deepest eutectic composition does not agree with the best glass forming composition in this system. We conclude that generally the ratio of the glass transition temperature to the nucleation temperature rather than the ratio of the glass transition to the eutectic temperature should correlate with glass forming ability. The presented method is an effective tool for characterizing complex (ternary and higher) phase diagrams and thereby, among other utilizations, identifies glass-forming compositions.
